Nanomechanical resonators with fundamental mode resonance frequencies in the very-high frequency (VHF), ultra-high frequency (UHF) and microwave L-band ranges are fabricated from monocystalline silicon carbide (SiC) thin film material, and measured by magnetomotive transduction, combined with a balanced-bridge readout circuit. For resonators made from the same film, we measured the frequency dependence (thus geometry dependence) of the quality factor. We have seen a steady decrease of quality factor as the frequency goes up. This indicates the importance of clamping losses in this regime. To study this source of dissipation, a free-free beam SiC nanomechanical resonator has been co-fabricated on the same chip with a doubly clamped beam resonator operating at similar frequencies. Device testing has been performed to directly compare their characteristics and performance. It is observed that a significant improvement in quality factor is attained from the free-free beam design. In addition, from studies of resonators made from different chips with varying surface roughness, we found a strong correlation between surface roughness of the SiC thin film material and the quality factor of the resonators made from it. Furthermore, we experimentally studied the eddy current damping effect in the context of magnetomotive transduction. A high-aspect ratio SiC
Introduction
Doubly clamped beam resonators based upon nanoelectromechanical systems (NEMS) with operating frequencies within the microwave L-band have recently been achieved [1] , owing to both the development of better materials [2] and novel detection techniques [3] . This new breakthrough promises a broad range of applications, including next-generation high-resolution sensors and actuators, and high-speed signal processing components [4] - [8] . These devices also offer the potential advantage of much easier integration compared to current approaches. However, these first microwave NEMS resonators have exhibited decreasing quality factors as the device frequency is increased. If unaddressed, this could significantly restrict the range of applications for this developing technology. In this paper, after first describing important details about the fabrication and measurement of these NEMS devices, we summarize our initial attempts to address this important problem (section 4), as well as our efforts to improve the measurement techniques at these frequencies.
One of the possible reasons for the decrease of quality factor in these devices is the clamping loss intrinsic to the doubly clamped boundary condition [9, 10] . Nguyen and co-workers have previously demonstrated the use of a free-free boundary condition to reduce this source of acoustic loss for micromachined resonators [11, 12] . In section 5 of this paper, we describe our investigations into the application of the free-free beam design for nanoscale resonators, where the feature size is at least an order of magnitude smaller than that of their micromachined counterparts.
Surface roughness of the silicon carbide (SiC) thin film material may potentially affect the quality factor of the resonators made from it. In our experiments, resonators are fabricated from different precursor wafers that possess varying degrees of surface roughness. In section 6 of this paper, we describe a set of experiments in which the correlation between surface roughness of the SiC thin film employed and the resulting quality factor of the resonators is explored.
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Institute of Physics ⌽ DEUTSCHE PHYSIKALISCHE GESELLSCHAFT Finally, when magnetomotive displacement transduction is employed for device readout into the electrical domain, the eddy current damping effect [13] can become quite pronounced under certain conditions. Characterization of this effect is rather crucial for quality factor optimization of these resonators. In section 7, we describe our investigations of this phenomena based upon fabrication and measurement of high-aspect ratio SiC nanowire resonators to elucidate the eddy current damping mechanism, and to quantitatively measure this effect.
Nanofabrication
3C-SiC nanomechanical resonators are now routinely fabricated from epitaxially grown monocrystalline 3C-SiC layers, using a surface nanomachining technique that we have detailed elsewhere [2] . Here, we present optimization of the process for very-high frequency (VHF), ultra-high frequency (UHF) and microwave-frequency devices designed to operate at resonance frequencies above 100 MHz.
Briefly, the 3C-SiC films used in this work are heteroepitaxially grown on 100 mm diameter (100) Si wafers in an rf-induction-heated, atmospheric pressure chemical vapour deposition reactor [2] . SiH 4 and C 3 H 8 are used as precursors, and H 2 is used as a carrier gas. The epitaxial process is a two-step, high-temperature (1280
• C) procedure, involving the carbonization of the Si surface in a C 3 H 8 /H 2 ambient followed by epitaxial growth using SiH 4 , C 3 H 8 and H 2 . The epitaxial growth recipe is optimized for micron-thick films, yet it produces 50-250 nm thick films of sufficient surface quality for e-beam lithography and subsequent nanomachining.
Device fabrication utilizes a combination of optical and electron beam lithography techniques. The process begins by using standard photoresist and optical lithography to define the large-area contact pads comprising a 4 nm thick Cr adhesion layer and an 80 nm thick Au film. The substrates are then coated with a PMMA thin film, which is then patterned by electron beam lithography into a metallic lift-off mold to define the submicron mechanical structures of the SiC devices. The pattern on the metal mask (typically ∼30 nm Al, followed by ∼5 nm Ti) is transferred to the 3C-SiC structural layer by using a NF 3 /O 2 /Ar anisotropic etch with an electron cyclotron resonance (ECR) plasma etching system. The newly patterned 3C-SiC beams are then suspended by simply etching the underlying Si substrate using an isotropic NF 3 /Ar ECR etch. The metal etch mask remains on the SiC beams to be used as a conducting layer for device testing.
The etch rate of SiC anisotropic etch is on the order of 100 nm min −1 (which depends on the power and bias settings for the plasma in ECR etch process, and the exact location of the sample in the plasma ambient), while the etch rate for the metallic mask is on the order of 1 nm min −1 . Such contrast in etch rate (high-etching selectivity) enables us to use very thin layer of metals, which is important in the fabrication of ultra-small devices.
For our typical VHF/UHF/microwave SiC nanomechanical resonators, we employ 30 nm of Al, followed by 5 nm of Ti as the choice for device metallization, even though other metals such as Au and Ni are also capable of surviving the ECR etching process and can provide the electrical conductivity required by the detection scheme to be discussed later in this paper. The low-mass density of Al helps in reducing mass loading, thus resulting in a higher frequency for the same device geometry as compared with a denser metal. The thin Ti top layer helps reduce oxidation of Al in the first ECR etching step, where oxygen is used as a gas component. A typical suspended nanostructure is shown in the inset of figure 1. Two nearly identical suspended doubly clamped beam devices form a configuration for testing. Typical devices are made from 75 ∼ 100 nm thick SiC layers, with beam widths of 100 ∼ 150 nm and lengths of 1.0-3.0 µm, for operation in the VHF/UHF/microwave range. A typical beam device with appropriate metallization has a measured resistance of about 100 at room temperature, with the resistance mismatch between the two beams on the same sample to be within a few per cent.
Measurement of mechanical resonance
Device testing is performed in ultra-high vacuum (provided by liquid helium cooling of a sealed and evacuated cryostat) and involves the use of magnetomotive transduction [13, 14] in conjunction with a variation of the balancing technique [3] tailored for VHF/UHF/microwave applications. The schematic circuit diagram is shown in figure 1 . The sample is positioned in a magnetic field with the beams perpendicular to the field lines. The potential of the centre pad is initially held at virtual ground by using a 180
• power splitter to provide out-of-phase driving of the two device branches and by making the impedance of the two branches of the circuitry as close to identical as possible. The two beams are also nearly (but not exactly) identical to each other. As a result, they have slightly different resonance frequencies. When the drive frequency is swept to match the fundamental resonance frequency of one of the beams, resonant motion is induced to cut the field lines resulting in an electromotive force (EMF) voltage that can be detected. Nonidealities in the system produce a high-residual background, which can be reduced using the balanced-bridge technique, in comparison to a conventional reflection measurement scheme [3] . The improvement here is limited by the resistance mismatch (of a few per cent) in between the two beams, which was sufficient for this experiment. Further improvement can be made by using variable attenuators and adjustable phase shifters to further match the impedances of the two branches of the bridge circuit. The use of a low-noise cryogenic amplifier (measured characteristics shown in figure 2) Measured electromechanical resonances from a typical pair of UHF nanomechanical resonators using the balanced-bridge detection scheme with magnetomotive transduction. Resonances detected as the B field sweeps from 1 to 8 tesla (with the background response at 0 tesla subtracted). The noise floor of detection is measured to be ∼0.14 nV/ √ Hz, or ∼7.1 K in noise temperature. This is a combination of noise from cryoamp, and the Johnson noise from the metallic resistors on the resonator beams. Inset: the resonance peak amplitude is a quadratic function of the B field, as verified by the measured data from both the 590 MHz and the 712 MHz devices. Lorentzian fit of the de-embedded data traces give Q ∼ 1700 for the 590 MHz resonance and Q ∼ 900 for the 712 MHz peak.
enables the detection of displacements on the order of femtometers. Resonance curves at different B fields for a typical UHF resonator pair are shown in figure 3 . The peak and the dip represent the resonance of each of the two doubly clamped beams, respectively. The observed noise temperature (referred back to the input of the amplifier) is about 7.1 K. The noise comes from a combination of amplifier noise and the Johnson noise due to beam resistance sitting at 4.2 K. The resultant noise temperature implies that the displacement detection sensitivity on the order of fm/ √ Hz has been achieved in our experiments. The maximum signal amplitude depends linearly on B 2 , as expected. The peaks are fitted to a Lorentzian curve to extract the quality factor, Q. Here,Q = ω 0 / ω, where ω 0 is the resonance frequency and ω is peak width in power spectrum (i.e., width at half maximum signal power, or equivalently, 1/ √ 2 maximum signal amplitude). Shown in table 1 is a collection of the basic specifications of a family of typical 3C-SiC doubly clamped beam nanomechanical resonators we have demonstrated. 
Clamping loss
The frequency dependence of Q for a number of devices fabricated from the 3C-SiC film is plotted in figure 4 . As virtually the same fabrication processes are used in making these devices, the beam length is the only parameter that changes significantly in scaling up the frequency, with the shortest beams (∼1.1 µm) yielding the highest resonant frequencies. The steady decline in Q with increasing frequency for beams made from the same film suggests that the clamping loss mechanism may play a key role in determining the measured Q at VHF/UHF/microwave frequencies. At least two approaches (or their combination) may be used to alleviate clamping loss at such frequencies. One is to further shrink the dimensions of the devices. To keep the same operating frequency, larger aspect ratio should be pursued, thus reducing clamping loss and improving Q, according to the results shown here. The other approach is the application of a free-free beam design, to support the beam at the motional nodal points of fundamental resonance, and strategically design the support structure to minimize energy transfer from the resonance mode to the environment. The free-free beam resonator design was initially pioneered by Nguyen and his co-workers, in their efforts of engineering high-Q micromechanical resonators [11, 12] .
Free-free beam nanomechanical resonators
We implement the in-plane (lateral) free-free beam design strategy to our nanoscale mechanical resonators, to explore the possibility of reducing clamping loss. We fabricate pairs of devices consisting of a free-free beam and a doubly clamped beam, very close in designed The beam length is the major parameter that is rationally changed to scale the frequency from about 200 MHz up to over 1 GHz. Inset: a typical AFM scan of (80 nm) SiC film surface, from which some of these devices are made.
fundamental-mode resonance frequencies, for comparison in control experiments. Shown in figure 5 (a) is an SEM image of a pair of these resonator devices. The high-Q free-free beam nanomechanical resonators are first achieved in the VHF range. The test is performed by replacing this device pair into the circuit shown in figure 1 . The variable attenuators are adjusted to improve balancing. The pair of resonator beams under test have a length of ∼3.0 µm, the width of resonator beams and support beams (in the free-free design) are both ∼0.15 µm. In-plane fundamental-mode resonances are observed at 170.01 and 174.59 MHz, respectively. By changing the variable attenuators and observing the amplitude change of both resonance peaks, we are able to determine that the 170.01 MHz peak is from the doubly clamped beam ( figure 5(b) ), while the 174.59 MHz peak is from the free-free beam resonator ( figure 5(c) ). Lorentzian fits to these peaks after de-embedded from the electrical background give us quality factors for these resonators. The quality factor of the doubly clamped beam is ∼4500, whereas that of the free-free beam resonator is ∼11 000. The quality factor for the doubly clamped case is consistent with what we have observed in routinely fabricated and measured other doubly clamped beam resonators having similar geometric dimensions and made from the same SiC film or those having similar surface roughness. The free-free beam measured in this experiment has a quality factor significantly higher than the best value from its doubly clamped counterpart. 
Effects from surface roughness
To investigate the effect of film quality on resonator performance, devices have been fabricated from films that differ significantly in surface roughness. A typical AFM image of SiC surface is shown in the inset of figure 4 . In all cases, devices operational in the UHF/microwave regime are made from films that have a low-surface roughness (∼2 nm or below). In contrast, devices made from rougher films (up to ∼7.1 nm) were operational in the VHF range, but not higher. Within the same apparatus and setup for detection and measurement, failure to detect any signal indicates an upper limit in the quality factor to be well below ∼100. These results suggest a strong correlation between quality factor and surface roughness. The epitaxial growth recipe used to prepare the 3C-SiC films was initially designed for MEMS applications and thus was optimized for micron-thick films; yet it can produce 50-250 nm thick films of sufficient surface quality for e-beam lithography. Our results indicate that while the surfaces might be sufficient for fabrication purposes, it is critically important that the growth processes be optimized to produce ultra-smooth SiC thin films if these films are to be used for nanomechanical resonators having reasonably high-Q values. The issue of surface roughness is only now coming to the forefront, since until recently, nanomechanical beam resonators have Resonance curves at different driving amplitudes measured from the high-aspect ratio SiC resonator (data taken at a constant B field of 6 tesla). The resonator approaches its nonlinear regime as the drive level keeps increasing, as expected to behave like a Duffing oscillator.
only been fabricated from Si wafers (bulk and SOI) and epitaxial III-V films (i.e., GaAs) that have ultra-smooth surfaces by virtue of a long history in microelectronics. This issue will also continue to be important as new materials are added to the NEMS toolbox in response to the widening array of applications. Recipes for growing ultra-thin SiC films optimized for surface smoothness, and techniques for SiC thin film surface polishing are currently under development. Some latest progress of these efforts is presented in [15] .
Eddy current damping
The magnetomotive displacement transduction technique [3, 6, 13, 14, 16] has played a very important role in a series of recent achievements including the gigahertz SiC nanomechanical resonators [1] and the platinum nanowire resonators [17] . There has been tremendous interest in attempting to use this method for studying mechanical motion and resonance of single-walled nanotubes (SWNTs) [18] , and molecular-scale electromechanical structures in general. However, the validity of this technique needs to be carefully examined and reassessed for experiments that push deep into the nanometre-scale size regime. As recently pointed out by Schwab [19] , eddy current damping force caused by this transduction scheme may become important under certain experimental conditions. This damping mechanism has earlier been carefully studied by Cleland and Roukes [13] and is usually a small effect, but will become crucial for single molecules, such as an SWNT. Here, we have designed a high-aspect ratio SiC nanowire resonator to serve as a dummy nanotube to study this dissipation mechanism by simulating the situation to be faced by SWNTs. In the magnetomotive transduction scheme, one relies on the EMF voltage generated by the motion to infer the action of the nanomechanical resonator. As pointed out by Cleland and Roukes [13] , no additional dissipation is expected when the external impedance seen by the EMF voltage source is infinite. Of course, this is generally not the case for practical high-frequency measurements. As a result, eddy currents are present, in addition to the driving current, due to the EMF, thus generating an additional force, which is always opposed to, and tends to damp the motion of the beam and, hence leading to dissipation, and lowering the observed Q, as compared to the intrinsic one.
Assuming the dissipation processes are uncorrelated and additive, one can express the quality factor Q as
where Q M is the mechanical quality factor, β M is the mechanical damping constant; Q E , β E are the partial quality factor and eddy current damping constant due to the loss from EMF induction [19] , where β E is defined as
where I and V are current and voltage across the beam, l is the length of the beam. For low-operating frequencies, ∂V /∂I can be made large to minimize the effect. However, this The intercept of the linear fit gives the overall dissipation of the resonator without the eddy current damping effect, i.e., the theoretical limit of minimum dissipation can be achieved in magnetomotive transduction.
becomes not practical at high frequencies due to the unavoidable parasitic components in the electronic circuitry.
The doubly clamped beam nanowire resonator we use here is made from 3C-SiC thin film (75 nm thick), fabricated by top-down nanolithography method, with a process discussed earlier in this paper. The nanowire beam is about 15 µm long, 0.15 µm wide, with 45 nm Al, followed by 5 nm Ti on top as etch mask and metallization layer for electrical conduction. SEM micrographs of a typical suspended top-down nanowire device for this experiment are shown in figure 6 .
The device is wire-bonded, loaded into a low-temperature vacuum cryostat which is then evacuated and cooled to liquid helium temperature. A strong magnetic field is applied perpendicular to the sample surface to allow magnetomotive actuation and detection. In-plane fundamental mode mechanical resonance is detected at 12.77 MHz. Figure 7 shows the resonance curve at different driving voltage, at a constant B field value of 6 tesla. At high driving forces, the device will perform as a standard nonlinear Duffing oscillator. This result enables us to choose a drive level, so as to work within the linear regime (dynamic range) of the resonator.
The driving voltage is chosen to be 1 µV, and the resonance curves at different B field are plotted in figure 8 . The maximum amplitude versus B 2 is shown in the inset of figure 8, which differs significantly from a linear dependence found in the literature [2, 14] . It resembles linear dependence only at low-field values. Obviously, such deviation is due to the increase of dissipation at higher-B field values. Quality factor Q is experimentally determined by Lorentzian fits to the resonance curves.
Institute of Physics ⌽ DEUTSCHE PHYSIKALISCHE GESELLSCHAFT Figure 9 is a plot of measured overall dissipation 1/Q with respect to B 2 . The linear relation shown is as expected from equation (1) . From the intercept of the linear fit, we can calculate that Q M is about 50 000, which is the quality factor of the resonator without additional loss caused by the magnetomotive transduction scheme.
When we come to the point of experimenting with an actual single-walled carbon nanotube resonator, for example, of 1 µm long with doubly clamped boundary condition, eddy current damping is expected to be dominant at 8 tesla, making Q to be on the order of 100. As we reduce the B field to 1 tesla, Q should increase, and possibly approach the order of 10 4 (if other dissipation processes contribute much less than the eddy current damping at 1 tesla B field). This can be considered as a signature of nanotube motion to look for.
The sensitivity of such detection is limited by the first stage electrical amplifier noise, when the signal is optimally coupled to the amplifier. Nonideal coupling will reduce the sensitivity further, thus it is important to improve impedance matching between the device output and amplifier input.
Conclusions
In conclusion, we have demonstrated that the resonance frequency of SiC nanomechanical resonators designed to operate in the VHF and UHF to low microwave L-band ranges can be measured using magnetomotive transduction techniques. Dissipation according to clamping loss in such devices increases as the aspect ratio of these doubly clamped beams is reduced. We have demonstrated that the SiC free-free beam nanomechanical resonators offer significant improvement in quality factor compared to doubly clamped beam design operating at similar frequencies. By examining devices made from SiC wafers with different roughness, a strong correlation between surface roughness and quality factor is established from our experiments. Furthermore, the eddy current damping effect inherent to the widely used magnetomotive transduction scheme is experimentally measured using a top-down nanofabricated SiC nanowire device. This dissipation effect is particularly important for large aspect ratio beam resonators. Understanding the dissipation mechanisms and achieving the ability to improve the quality factors of such resonators are crucial for realizing high-Q nanomechanical resonators and thus important for a wide variety of potential applications promised by these devices.
